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LIQUID CRYSTALS, 1995, VOL. 19, No. 1, 65-76 

Ferroelectric liquid crystal gels 
Network stabilized ferroelectric displays 

by R. A. M. HIKMET", H. M. J. BOOTS, M. MICHIELSEN 
Philips Research, Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands 

(Received 13 October 1994; accepted 22 December 1994) 

Liquid crystal (LC) mixtures of a reactive diacrylate and a commercial ferroelectric liquid crystal 
(FLC) mixture were produced. The mixtures were brought into cells provided with orientalion 
layers in which various orientations such as uniaxial and twisted orientations, could be induced. 
When the desired orientation had been obtained, the polymerization of the reactive molecules 
was induced creating a three-dimensional anisotropic network containing the FIX molecules 
which were not chemically attached to the network (fcrroelectric gels). The presence of the 
anisotropic network was found to have a large effect on various properties of the FLC molecules. 
For example, complex orientations (for example, 180" twisted) obtained by polymerization 
(formation of the gel) in the nematic phase remained unchanged when the gel was cooled to the 
FLC phase. Likewise uniaxial orientation, which cannot be realised in thick cells containing 
the pure FLC, could be realised when ferroelectric gels were used. For this reason the ferroelectric 
gels will be referred to as an anisotropic ner-M;ork-stahilized FLC. Optical properties such as 
effective birefringence and tilt angle were also influenced by the network. When use was made 
of a network with a lower birefringence than the FLC, a reduced effective birefringence in gels 
was observed. This is important for technologies involving thicker cells. The switching covered 
a range of voltages in the case of the gels, instead of showing a well-defined threshold voltage 
as in the bulk. The possibility of using this effect to obtain grey scales in cells during passive 
addressing has also been demonstrated. 

1. Introduction 
After ferroelectricity in liquid crystals (LC) has been 

predicted by Meyer [l] in 1974, the first ferroelectric 
liquid crystal (FLC) was soon synthesized [ 2 ] .  However, 
the first use of FLC in displays using the surface 
stabilization concept [3] was to follow only in 1980. In the 
case of surface-stabilized ferroelectric liquid crystal 
displays (SSFLCD), the FLC is placed in a cell with a thin 
gap (of only a few microns). The pitch in the nematic phase 
is then suppressed and the LC molecules become 
uniaxially oriented in the nematic phase. Subsequently 
the FLC is cooled, preferably via the smectic A phase to 
the ferroelectric chiral smectic C phase ( S Z ) .  Various 
devices [4,5] , such as flat-panel screens for video and data 
graphic applications and high-speed shutters, have been 
developed on the basis the surface stabiliLed concept. The 
advantages of FLC are the high speed of switching, the 
bistability in the case of passive addressed displays and 
the viewing angle independence of the contrast. However, 
the SSFLCD also have various problems, such as the 
difficulty of obtaining the desirable orientation and 
preserving it during the lifetime of the display, the poor 
shock sensitivity, the difficulty of obtaining grey levels 

* Author for correspondence 

and the small cell gap technology. The requirement of the 
small cell gap is due to the high birefringence of the FLC. 
In FLC displays use is made of the retardation mode, in 
which the incoming polarized light is rotated 90" as aresult 
of the 1/2 retardation. However, due to the dispersion in 
birefringence, the retardation has to be of the first order, 
which limits the cell thickness to the order of 2 pm. The 
possibility of using FLC-PDLC has been suggested 161 to 
solve these problems. However, due to the shearing 
required during the polymerization to induce orientation, 
this method has its limitations. The use of small amounts 
of non-LC acrylates in the production of networks has also 
been investigated [7]. Here we would like to present some 
experimental results on a new concept of network 
stabilization of FLC [8]. In this method, a mixture of 
reactive LC and non-reactive LC is produced. In situ 
photo-induced polymerization of the mixture in the 
oriented state leads to the formation of anisotropic gels 
and plasticized networks. In these systems an ordered 
aniqotropic polymer network contains LC molecules 
which are not chemically attached to the network. In our 
earlier studies, in which nematic [9-111, cholesteric 
[12. 131 and smectic A [ 141 LC molecules were investi- 
gated, it was shown that the behaviour of the LC molecules 
which are not chemically attached to the network is 
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66 R. A. M. Hikmet et nl. 

Figure I .  Structure of the LC diacrylate used in the experi- 
ments. 

determined by the network rather than by the cell surfaces. 
In this study, we have used a commercially available 
ferroelectric mixture to produce ferroelectric gels. 
Ferroelectric gels with a compensated pitch for FLC 
without a smectic A phase 1151 and active addressing [16] 
have been described in other publications. Here we will 
describe the thermal, optical and switching behaviour and 
the passivc addressing of the ferroelectric gels in the 
concept of network stabilization. 

2. Experimental 
The structure of the reactive LC diacrylate C10 used in 

the experiments is shown in figure 1. The FLC material 
used in the experiments was a commercial mixture ZLI 
3654 purchased from Merck (Darmstadt). Mixtures of non 
reactive FLC and diacrylates were provided with about 
0.5 70 w/w Irgacure 65 1 photoinitiator. The polymeriza- 
tion of the reactive diacrylates in the mixtures was initiated 
using 2 mW cm - 2  UV radiation from a high-pressure 
mercury source. The molecules were uniaxially oriented 
in 2pm thick cells containing uniaxially rubbed SiPVA 
orientation layers, unless otherwise indicated. A Keithley 
6 17 electrometer and a Philips 5 167 wave generator were 
used for the current-voltage measurements. An optical 
microscope provided with a photomultiplier and a com- 
pensator was used for the optical measurements. Various 
signals were stored in a Philips 3350A digital storage 
oscilloscope and transferred to a computer. The X-ray 
diffraction measurements were carried out using a Statton 
camera and Ni filtered Cu K, radiation. 

3. Results and discussion 
3. I .  Monomeric mixtures 

A compositionhemperature diagram of state for ZLI- 
C10 is shown in figure 2. It can be seen that the inclusion 
of reactive diacrylate causes changes in the transition 
temperatures of the FLC ZLI. At low concentrations of 
C10, the smectic A (SA) and the chiral smectic C (S?) 
phases are also visible in addition to the chiral nematic 
phase. At intermediate concentrations of C 10, the nematic 
phase only is observed. At very high concentrations of 
C10, the smectic C phase appears again. The induction 
of different phases, changing the transition temperatures 
and compensation of the pitch using reactive molecules 
have already been described [ 161. These changes are 
important in obtaining a uniaxial orientation in cells which 
is not possible in  the case of pure-non reactive ZLT: 

~ ~ __ 30 _ _ ~ ~  ~ 

0 10 20 30 40 50 60 70 80 90 100 

Cornposition/ wt% CIOH 

Figure 2. Temperaturelcomposition diagram of mononieric 
C10 and ZLI. 

The pitch can also be compensated by adding chiral 
reactive molecules [ 151. 

3.2. Polymerized mixturrs 
3.2.1. Thennal properties 

Various mixtures provided with the photoinitiator were 
brought into cells. After the desired orientation has been 
included in the cells in the nematic phase, the mixtures 
were polymerized using the high-pressurc UV source to 
obtain anisotropic gels and plasticized networks. In the 
experiments described below, uniaxial1 y oriented samples 
in 2 p m  cells were used unless otherwice indicated. 
Figure 3 shows the birefringence of various gels and 
plasticized mixtures as a function of temperature. Here 
it is important to note that the diagram shown in 
figure 2 applies to the monomeric mixtures. After 
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Figure 3 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
6
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Network stabilized ferroelectric displays 67 

1 0.14 r 

0.00 
0 10 20 30 40 50 80 70 80 90 100 

Composition/ w1X CIOH 

(a)  

0 10 20 30 40 50 60 70 80 SO 100 

Composition/ wt% C1OH 

(b)  

Figure 4. ( a )  Birefringence as a function of the composition 
measured at various temperatures. + = 30"C, 0 = 70"C, 
A = 100°C. (b) Difference in birefringence as a function of 
the composition measured at + = 30 and IOO"C, 0 = 70 
and 100°C. The solid lines define the theoretically expected 
values. 

polymerization (creation of a network) phase transitions 
temperatures in gels correspond to those of ZLI. Therefore 
in figure 3, in all cases, a moderate decrease in birefrin- 
gence in the temperature range corresponding to that of the 
smectic C and smectic A phases of the ZLI, followed by 
a rapid decrease in the nematic phase of the ZLI is 
observed. However, a residual birefringence is observable 
above the isotropic transition temperature of the ZLI. The 
residual birefringence can be associated with the an- 
isotropic network formed upon the polymerization of the 
reactive LC diacrylate. As the anisotropic acrylate 
network is highly cross-linked, it stays oriented and does 
not become isotropic. In figure 4(a), the birefringence 
measured at various temperatures is plotted as a function 
of the composition for various systems. The curves 
representing the results of the birefringence measurements 
performed at 30°C and 70°C (corresponding to the C 

and A phases of ZLI, respectively) show a minimum. The 
minimum can be associated with the tilted orientation of 
the molecules with respect to the cell surface in the Sc 
phase. However the SC phase cannot be the only cause of 
the minimum, because a similar behaviour was also 
observed in the smectic A phase in measurements at 70°C. 
In the case of the values measured at lOO"C, however, the 
birefringence increases almost linearly with the network 
(polymerized CIO) concentration. In figure 4 (a), the 
increase in the residual birefringence (the birefringence 
measured at 100°C) with increasing C10 indicates that the 
residual birefringence is due to the anisotropic network. 
However, the fact that linearity is not observed (as 
indicated by the solid line in figure 4 ( a )  extrapolated from 
the value measured for 100 per cent C lo) indicates that the 
networks produced in different compositions have differ- 
ent birefringence values. In order to obtain a better 
understanding of the observed effect, we plotted the 
difference between the birefringence values measured at 
30°C and 100°C, together with the difference in the 
birefringence values measured at 70°C and lOO"C, for 
various compositions in figure 4(b) .  The solid lines in 
figure 4 (b) represent the decrease in birefringence 
theoretically expected on the assumption that all of ZLI 
molecules within the gels become isotropic at 100°C. It 
can be seen that the experimentally determined values lie 
below the theoretical line [ S ] .  This indicates that a fraction 
of the ZLI molecules does not become isotropic above the 
isotropic transition temperature. We tried to estimate the 
bound fraction from this figure using the data for the 
changes in birefringence between 30°C and 100°C. The 
difference between the theoretical values and the mea- 
sured values was assumed to be caused by the bound 
fraction which does not become isotropic at 100°C. In 
figure 5 this bound fraction is plotted as a function of the 
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Figure 5 .  Bound fraction as a function of the composition 
estimated using various data. + = difference in birefrin- 
gence measured at 30 and 1 OO"C, A = Effective tilt angle, 
0 = spontaneous polarization. 
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Figure 6. Transmission measured at 546 nm as a function of the 
voltage for various compositions. 

composition. It can be seen that the bound fraction 
increases with increasing polymer concentration. The 
influence of the network is also apparent from the 
switching behaviour of the ZLI. The results of the 
electro-optic behaviour are discussed below. 

3.2.2. Opticul properties 
Transmission-voltage behaviour was investigated by 

placing the cells between crossed polarizers so that a 
maximum dark state was obtained during switching. 
Figure 6 shows the curves obtained for ferroelectric gels 
containing various amounts of network (polymerized 
ClO). It can be seen that the switching voltage increases 
with the polymer concentration and the switching takes 
place over a wide voltage range. This is a unique property 
of the gels and it can be used in obtaining grey levels which 
will be discussed later in the article. It can also be seen that 
the maximum transmitted intensity decreases with in- 
creasing polymer concentration. Hzre it is important to 
note that when the voltage was removed and the electrodes 
short-circuited, the transmission remained the same or 
decreased slightly. This is an indication of stable switching 
within the system; this will be discussed below. The 
transmission (T) of the wavelength 2 through the crossed 
polarizers containing a material with a birefringence An 
and thickness d and the optic axis oriented at an angle w 
with respect to one of the polarizers. 

T = sin'(2c1)) sin2 (nAndl2,). ( 1 )  

A5 can be seen in equation ( l) ,  there are two possible 
explanations for the decrease observed in the maximum 
transmission with increasing network concentration: (i) a 
change in the effective birefringence; (ii) a change in the 
effective tilt angle. Both effects are caused by the network 
and have therefore been studied in detail. 

3.2.2.1. Theoretical calculations 
We tried to simulate the optical effects caused by the 

anisotropic polymer network, which does not change its 
direction of orientation during the switching of ZLI, with 
the aid of a simple theoretical model. In this model the 
molecules were assumed to be continued in thin altemat- 
ing layers containing the network and the ferroelectric 
molecules. The light propagating through such a system 
was calculated using the program developed by 
Mansuripur [ 171. For the system to behave like a uniaxial 
crystal, the layers have to be smaller than the wavelength 
of light; the results are then independent of the layer 
thickness. Therefore the total thickness of each polymer- 
ZLI bilayer was kept constant in the calculations and the 
thickness of the components were varied in the same ratio 
as the composition. The direction of the average fast optic 
axis was determined by determining the direction along 
which the linearly polarized light remains linear. 
Figure 7 ( a )  shows the calculated apparent tilt angle 
(the angle between the direction defined by the network 
and the average optic axis) as a function of the composition 
for various An (0.13 and 0.1) of the network. In the 
calculations, the An of the ZLI was assumed to be 0.1 3 and 
the ZLI molecules were assumed to be oriented, at 25" with 
respect to the uniaxially oriented network. It can be seen 
that in all cases, the effective tilt angle decreases when the 
network concentration increases, as is also observed 
experimentally. Here it is also interesting to note that the 
decrease in effective tilt angle is larger when a higher An 
value for the network is used. In the same way. we also 
calculated the effective birefringence as a function of the 
composition; the results are shown in figure 7 ( h ) .  
Calculations were camed out for two orientations: ( i )  ZLI 
and the polymer oriented in the same directions and 
(ii) ZLI and the polymer oriented at 25" with respect to 
each other. Here again i t  can be seen that in both cases the 
An decreases with increasing network concentration. 
In the case of the network oriented at an angle with respect 
to the ZLI, this decrease is larger, which shows thc 
compensation effect. 

3.2.2.2. Effective birefringence and tilt angle of the gels 
In order to investigate the changes taking place during 

the application of the electric field in detail we used a gel 
containing 10 wt 9% of C10 in a 7.8 pm cell. In figure 8 ( a )  
the change in the birefringence is shown a5 a function of 
the voltage. Jn this figure it  can be clearly seen that the 
birefringence first decreases with an increasing voltage, 
before increasing again. Two possibilities can be con- 
sidered to explain this behaviour: 

(i) The initial decrease is associated with the rotation 
of the molecules about the cone, as mentioned 
before, followed by the chevrons becoming 
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Figure 7. (a )  Calculated effective tilt angle as a function of the 
composition for various An of the network, - - - = 0.1 3 ,  

with respect to one another. (b) Calculated effective 
birefringence as a function of the concentration of the 
network. Solid lines = the network and the ZLI oriented in 
the same direction. Broken lines = ZLI and the network 
oriented at 25" with respect to one another. For ZLI 
An = 0.1 3 and for the network An = 0.13,O. 1. 

-- - 0.1. The ZLI and the polymer are oriented at 25" 

upright. When a small potential of reverse polarity 
was applied across the sample, the birefringence 
decreased to a value lower than the initial zero 
voltage value. If we assume that the chevrons 
become upright at high voltages, the reversal of the 
voltage may bring the ZLI molecules to a state in 
which they are at an angle of 25" with respect t o  the 
surface. If the director is at an angle a with respect 
to the surface, the effective birefringence can be 
expressed as 

where n, and no are the ordinary and extraordinary 
refractive indices, respectively. Assuming that a 

equals the tilt angle and no = 1.5, we find that Aneff 
is about 0.104. This is different from the measured 
value of 0.12. 

(iij The switching of the molecules takes place in 
domains and the size of the domain determines the 
threshold voltage for the switching. Such behaviour 
also explains the behaviour observed for trans- 
missiodvoltage (see figure 6) where the switching 
of ZLI over a broad voltage range is suggested. 
It may be assumed that, as the concentration 
increases, different amounts of ZLI molecules 
switch from their initial orientation to an angle of 
25" with respect to the initial orientation. This is 
also suggested by the results of the simulations 
shown in figure 7 ( b ) ,  where the birefringence is 
plotted as a fraction of the molecules oriented at 25" 
with respect to each other. It can be seen that the 
minimum at 50 per cent yields an effective birefrin- 

0.130 , 

+ + +  

.E L .- m !! F. 0.123 0.120 - I + + + + + +  + +  

0.117 

! 0.113 

o.l 
0 60 120 180 240 300 

UIV 

(a) 

0.100 ' 
300 350 400 450 500 550 600 650 700 

Wavelength/ nm 

Figure 8. (a )  Birefringence as a function of the voltage in a 
7.8 pm cell measured at 546nm + = the first run, 
A = returning to - 5 after 300V. (b) Birefringence as a 
function of the wavelength measured at various voltages. 
A = virgin cell OV, 0 = 8OV, 0 = going to - 5 after 
300 V. 
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Figure 9. Effective tilt angle as a function of the voltage for 
various compositions. V = 0 per cent, + = 10 per cent, 
A = 2 0  per cent, 0 = 3 0  per cent, =40 per cent, 
A = 50 per cent, = 60 per cent, 0 = 70 per cent. 

gence of about 0.118. Likewise, in figure 9 ( u )  it 
may be assumed that at about 120 V, 50 per cent of 
the ZLI is oriented at 25". Above this voltage more 
of the ZLI molecules reorient and as a result 
the birefringence increases eventually to result 
in a value very close to the initial value. As 
the dispersion in birefringence is sensitive to the 
changes in the orientation in such a composite 
system, we measured the dispersion as the different 
orientations are obtained during the application of 
the electric field (see figure 8 (h)).  The dispersion 
curve obtained for the virgin uniaxial orientation 
changes after the application of 80 V. It can be seen 
that the birefringence values at short wavelengths 
are very similar for these two curves, whereas the 
curves diverge at larger wavelengths. On the other 
hand the birefringence values obtained after the 
application of 300V and the reversal of the field 
to - 5 V  yield a curve which appears to be 
vertically shifted with respect to the virgin curves. 
The curve obtained at 80 V shows that the birefrin- 
gence at short wavelengths is very similar to that of 
the virgin sample. This is probably due to thc 
wave-guiding effect, because the domains might be 
larger than those wavelengths. The behaviour 
observed at - 5 V  is as expected and the whole 
curve appears to be shifted. This might be due to the 
domains in which the switching takes place 
bccoming smaller after the smectic layers had 
become upright during the first application of the 
electric field. Once the layers are upright, further 
switching probably takes place in domains. 

In figure 9 the effective tilt angle (half of the angle 
through which the cell to be rotated between the extinction 

states when the polarity of the static field applied across 
the cell is reversed) is plotted as a function of the applied 
field for various compositions. Here the effect of compen- 
sation can be seen more clearly. In all cases the effective 
tilt angle increases with increasing voltage. This is due to 
the reorientation of the ZLI molecules from their initial 
uniaxial orientation in the direction of the polymcr. If we 
assume that the switching of ZLI takes place in domains 
and increasingly more ZLI molecules get oriented at an 
angle of 25" with increasing voltage, then the observed 
behaviour is in accordance with the theoretical calcula- 
tions. When the maximum effective tilt angles for various 
compositions are compared, i t  can be seen that the 
maximum effective tilt angle decreases with increasing 
network concentration. This trend is also in accordance 
with the theoretical calculations which also show that with 
increasing polymer concentration the tilt angle decreases. 
However on close inspection, it can be seen that the 
experimentally observed maximum tilt angles fall below 
the theoretically predicted values. The difference can be 
accounted for if we assume that a fraction of' the ZLI is 
bound by the network and does not change the orientation. 
Using the theoretical model for the tilt angle, we also 
estimated the lower limit for the bound fraction on the 
assumption of a birefringence of 0.13 for the polymer. 
Using the theoretical data in figure 7 ( a )  and the maximum 
experimental values obtained for the effective tilt angle in 
figure 9, we estimated the bound fraction; the results are 
compared in figure 5. It can be seen that the bound fraction 
deduced from the birefringence measurements agrees well 
with the values derived from the effective tilt angle data. 

3.2.3 ~ X-ray diffraction meusurements 
X-ray diffraction was used to observe the effect of the 

application of the electric field on the smectic layers. 
Polyester films instead of glass were used as the substrates 
for this purpose. The geometry used in the experiments is 
shown in figure 10 (a) .  In the flat-on configuration, 8 needs 
to be the same as x to obtain diffraction, whereas in the 
edge-on configuration the diffraction condition is satisfied 
for all values of 8 (as long as the main beam is at an angle 
x with the smectic layers, satisfying the Bragg condition). 
The small angle diffraction peaks obtained for various 
samples in different directions are shown in figure lO(b). 
The pure ZLI in the edge-on configuration shows a 
four-point pattern, whereas the diffraction pattern 
obtained in flat-on configuration shows no peaks. This 
indicates that the smectic layers arc not parallel to the 
surface, but at an angle of 22" with respect to the normal 
to the surfaces (chevrons). In the edge-on configuration, 
the gels containing lOwt % of give C10 continuous 
reflection between the two sharp peaks indicating that the 
other chevron orientations are present. In the case of the 
sample containing 40 wt % of C 10, similar diffraction 
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2113654 

(a )  
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Main X-ray beam 
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u=ov 
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Flat-on Edge-on Flat-on Edge-on Flat-on Edge-on 
(6 )  

obtained for various samples in various directions before and after the application of the electric field. 
Figure 10. (a) Schematic representation of the configuration used in the X-ray diffraction experiments; (b) the X-ray photographs 

patterns were observed for both configurations (cell placed 
flat-on and edge-on to the horizontal X-ray beam). This 
means that in the case of gels the smectic layers show 
various other orientations, instead of a well-developed 
chevron orientation as observed for pure ZLI. After the 
application of the electric field, the smectic layers in all 
cases tended to become oriented perpcndicular to the 

cell surfaces. The smectic layer normal also became 
oriented in the direction of rubbing, and hence became 
oriented in the same direction as the director in the 
nematic phase. These results clearly indicate that when 
sufficiently high electric fields are applied, the smectic 
layers reorient in the manner suggested by the optical 
measurements. 
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Figure I I .  Current as a function of timeholtage for various 
saniplea during the application of ( a )  a triangular voltage; 
( 1 1 )  a \tep voltage. 

3.2.4. Electricti1 p r o p  rt ies 
I n  figurc I I ( a )  the current through the cell containing 

the various samples is shown as a function of time/voltage 
during the application of a triangular voltage wave. The 
pcaks shown in this figure are the result of the spontaneous 
polariLation (P,)  reversal. It can be seen that with 
increasing polymer concentration, the onset of the peaks 
remains the same as the peaks become smaller and spread 
over a wider voltage range. The effcct of the broadening 
of the current peaks indicates that the switching of the 
ferroelectric molecules spreads over a wider voltage range 
as the polymer conccntration increases, as is also observed 
in figure 6 for transmission curves. The decrease in the area 
under the currcnt peaks indicates that the spontaneous 
polarization of the samples also decreases with increasing 
network concentration. In order to study this effect more 
closely, we plotted the P, as a function of polymer fraction 
in figure 12. In this figure we represent the decrease in the 
P, cxpected on the basis of the fact that only the ZL1 within 

the system contributes to the measured spontaneous 
polarization represented by the straight line. It can be seen 
that all the experimental points in this figure lie below the 
line. This indicates that some of the molecules do not 
switch under the electric field or that their switching is not 
complete (the vector defining the direction of spontaneous 
polarization does not become parallel to the electric field 
lines). The results of the birefringence and effective tilt 
angle experiments already indicate that some of the 
molecules are indeed strongly bound [ 141 by the network, 
as suggested in figure 5.  In the same figure, we also plotted 
the bound fraction using the data from figurc 12, on the 
assumption that the difference between the theoretical 
value and the measured value is caused by the inolecules 
which are bound and do not switch. It can be seen that the 
bound fraction which can be derived from the birefrin- 
gence (see figure 4) and the effective tilt angle measure- 
ments (see figure 9) is not large enough to account for the 
behaviour observed in figure 12 especially at low polymer 
concentrations. This indicates that the bound fraction of 
the ZLI contains the chiral molecules with high P, values 
or that there is a certain population of molecules in ZLI 
within the system which are oriented in such a way that the 
spontaneous polarization does not become parallel to the 
applied field during the switching. The other possibility is 
that some of the pendant network molecules (molecules 
which are not fully cross-linked) are taken up by the ZLI 
and that the P ,  is reduced as a result. In order to investigate 
the switching further. we studied the current passing 
through the system during the application of a step voltage. 
For this purpose, a I kQ resistor was placed in series 
and the voltage drop across the resistor was measured. 
In figure 1 1  (b),  the current through the system calculated 
from the results of the voltage measurements is plotted as 
a function of time. The initial rise in this figure is due to 
the capacitive discharge followed by a polarization 

~ __- 35 - 
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Figure 12. Spontaneous polarization + = measured, 
~ calculated rw various compositions. 
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Network stabilized ferroelectric displays 73 

reversal current. The behaviour shown by the polarization 
reversal current is very similar to that observed in figure 
l l (a ) ,  where the peaks also become broader. The 
broadening of the peaks observed in figure 11 (b)  can 
be associated with the increase in the internal viscosity. 
The relation [18] between the rotational viscosity 
coefficient ( y )  and tw (the full width at half maximum) is 
given by 

(3) 

where E is the applied electric field. Here the fact that the 
current peaks become broader indicates that the switching 
takes longer. This effect can be related to the increase in 
y as well as the reduction in P,. However, it is important 

to point out that it is not clear whether the above equation 
can be applied to the system studied (gels). 

3.3 .  Network-stabilized switching in gels 

3.3.1. Network stabilization 
Having studied the thermal, electrical and optical 

properties of the gels, we also investigated their bistability. 
Before we say anything on the subject, we show that the 
orientation in these gels is determined by the network 
rather than by the orientation layers. This we demonstrate 
in two different ways: 

(i) A mixture containing 5 wt % of C10 in ZLI was 
placed in a cell with two directly addressable 
segments. Before polymerization, an electric field 

2 ov 

-2ov 

2 0 v  o v  - 20v 

(b )  

Figure 13. Photographs obtained during the application of varioua voltages to various samples; (u), (b)-see text for details. 
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74 R. A. M. Hikmet et al. 

was applied to cause molecules to orient at 10" with 
respect to the rubbing direction in one of the 
segments. The field was removed and polymeriza- 
tion was carried out. After polymerization, in the 
segment where the field was applied, the network 
was oriented at an angle of 10" with respect to the 
rubbing direction, while outside this segment 
the network orientation was in the direction of 
rubbing. When the electric field was re-applied to 
this segment upon polymerization, the ZLI 
molecules no longer switched about the rubbing 
direction, but about the direction in which the 
network was oriented. This effect is shown in figure 
13 (a).  Left and right areas within the cell contain- 
ing the electrode segments are shown for different 
orientations of the cell between the crossed polariL- 
ers. The directions of the crossed polarizers are 
indicated in the middle of the figure. The black and 
white lines on the photos indicate the direction of 
orientation of the ZLT as derived from total 
extinction. The middle part contains no electrodes 
and it  is therefore not affected by the electric field. 
Therefore the molecules are always uniaxially 
oriented in the middle. In the right area of the cell, 
polymerization was carried out within the field. In 
the right part, to obtain total extinction (photos on 
the left), the cell had to be rotated by the same 
amount in both directions with respect to the 
rubbing direction, as the direction of the electric 
field was reversed. This shows that the switching 
took place about the initial rubbing direction, which 
also defined the direction of the network orientation 
in this part of the cell. In the left part of the cell, 
polymerization was carried out under a positive 
electric field. This means that the polymer network 
was formed at an angle with respect to the rubbing 
direction. In figure 13 (a) (righthand photographs), 
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Figure 14. Trdnsmisslon through crossed polarizers during the 
application of a bipolar pulse of 5 4 0 V .  

it  can be seen that the cell had to be rotated a 
different number of degrees in different directions 
about the rubbing direction in order to obtain 
extinction in the left part of the cell during the 
application of two opposite fields. This shows that 
the switching took place about the direction of thc 
network which was oriented at an angle with 
respect to the rubbing direction. 

(ii) A cell containing 20wt % of CIO was heated lo 
80°C in a 4 pm cell so that the molecules became 
rotated by 180" from one of the surfaces to the 
other. The system was then polymerized. After the 
system had cooled to room temperature, the 180" 
twisted orientation remained, as opposed to the 
pure ZLI which would have unwound to a uniaxial 
orientation. An electric field did not change the 
twisted orientation either. The ZLT molecules 
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Figure 15. (u )  Transmission through crossed polarizcrs during 
the application of a bipolar reset pulse (V , )  of i 40 V 
followed by write voltage pulses (VW) of various 
magnitudes for a gel containing l0wt  per cent polymer. 
(b)  Transmission as a function of write voltage ( V W )  for two 
different gels. + = 1 0  per cent network. A = 20 per cent 
network. 
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Network stabilized ferroelectric displays 75 

switched in the 180" twisted state within the 
anisotropic network causing the colour of the cell 
to change between crossed polarizers. These exper- 
iments clearly showed that the orientation in the 
gels was stabilized by the anisotropic network 
rather than by the cell surfaces. 

3.3.2. Grey levels in passive matrix addressing 
In previous sections it was shown that the ferroelectric 

molecules respond to the electric field in a different way 
from that in the surface stabilized case, and that within the 
gels, the switching takes place over a wider voltage range. 
This property of ferroelectric gels can be used to achieve 
grey scales in displays. For this purpose, we first studied 
the bistability of the ZLI molecules. In order to reorient the 
chevrons to the upright position (book-shelf structure), the 
cells containing the gels were subjected to a lOHz 
peak-to-peak 50 V square wave. Subsequently, the stan- 
dard bistability test was carried out using a periodicity 
inverted bipolar pulse set. The results of the bistability test 
obtained for various compositions are shown in figure 14. 
It can be seen that all of the compositions used in the study 
showed bistable switching. We then investigated the 
possibility of obtaining stable grey levels. For this 
purpose, we used two adjacent bipolar periodic (100 Hz) 
pulses (bipolar pulses were used to prevent the accumula- 
tion of ionic charges within the system). The first bipolar 
pulse served to reset (V,) the system; its magnitude was 
kept constant. The second bipolar pulse served to switch 
(V,) the system to various transmission levels; its 
magnitude was varied. Figure 15 ( a )  shows the change in 
the transmission as a function of time during and after the 
application of such a pulse for various V,  values. It can be 
seen that after the reset pulse, which brought the 
transmission to zero, the second pulse raised the trans- 
mission. After the end of the pulse, the intensity dropped 
to a lower value within about 0.5 ms, where it stayed until 
the following pulse. This shows that grey levels can be 
obtained in this way. The explanation for this multi-stable 
switching may be switching in different domains at 
different voltages. The spontaneous polarization and the 
results of the birefringence measurements (see figure 8) 
both point to domain switching, which is probably also the 
source of grey levels. Figure 13(6) shows optical 
photographs obtained after the application of various 
voltages to a sample containing 20 wt % ofC10. Here it is 
important to note that the texture was very fine and had 
almost the resolution of the microscope. It is very different 
from the texture obtained when pure substances are used 
in the texture method 14,191. In figure 15(b) we have 
plotted the transmission as a function of V, during the 
application of a periodically varied V,. It can be seen that 
in this way smooth transmission voltage curves can be 

obtained. The reason for the hysteresis, in spite of the reset 
pulse, however is not clear. 

4. Conclusions 
It has been shown that anisotropic networks containing 

ferroelectric molecules which are not chemically attached 
(free molecules) to the network (ferroelectric gels) can be 
produced by polymerizing LC diacrylates in a mixture 
containing the ferroelectric molecules. The orientational, 
thermal, optical and electrical properties of the free 
molecules in these gels became dominated by the network. 
For this reason we have also referred to these gels as 
network-stabilized ferroelectric gels. It has been shown 
that complicated orientations, such as twisted orientation 
can be induced in the ferroelectric material using the 
anisotropic network. The orientation of the network 
remained unaltered during the switching of the free 
molecules. Likewise the switching about the initially 
induced uniaxial orientation observed in conventional 
cells could be altered by the network. This was demon- 
strated by polymerization of the reactive molecules in 
a direction other than the direction of rubbing. In such a 
system, the switching took place about the direction in 
which the polymer molecules were oriented. Above the 
isotropic transition temperature of the free molecules, a 
fraction did not become isotropic and remained oriented. 
The apparent tilt angle decreased with the network 
concentration. This effect is attributed to the presence of 
the network, which remains uniaxially oriented during the 
switching. The switching was also found to spread over a 
range of voltages. This contrasted with the sharp transition 
observed for the pure material. This effect is attributed 
to the presence of domains of various sizes within the 
system. The gels also showed good bistability and stable 
grey scales. Variable grey levels could be obtained by 
changing the applied voltage levels. 
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